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Abstract 
 
 The monitoring of in-vehicle pollutant concentrations by means of an on-board 
molecular semiconductor gas sensor microsystem is described in this paper. The main 
objective is to measure in real time with a high level of accuracy the variations of oxidising 
gases concentration in bus passenger compartments to inform travellers or commuters and to 
evaluate the assessment of bus drivers' exposure. A self-contained gas sensor microsystem of 
which the sensitive element is constituted by a thin layer of copper phthalocyanine has been 
developed, validated at laboratory under controlled experimental conditions and then 
implemented in a bus of the urban network of Clermont-Ferrand, France. Preliminary in-car 
measurements realized with commercial analyzers show that nitrogen dioxide is the major 
oxidising gas present on urban roads and so is considered as the target gas in this study. Tests 
realized under artificially polluted atmosphere show the high performances obtained with our 
microsystem, such as high resolution, low threshold, good reproducibility, satisfying 
concentration range and real time detection. The calibration curve has been determined at 
laboratory by experiments made under low NO2 concentrations in the range of those measured 
in urban atmosphere. The relation between sensor microsystem response and gas 
concentration is established with accuracy. The validation of our microsystem is illustrated by 
measurements realized under real conditions, i.e. in an urban bus. It shows that NO2 
concentration variations are mainly correlated with the nature of roads and that rates of 
pollutant measured in traffic are always greater than those measured by the nearest stations of 
the air quality control network.  
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1. Introduction 
Besides the reduction of gases responsible for the greenhouse effect, the air quality 
improvement in industrialized cities by the decrease in urban pollutant concentrations is also a 
worldwide preoccupation. This growing awareness is enhanced by the fact that atmospheric 
pollution is not only an environmental problem but induces serious health hazards on humans, 
too. In urban context, all city-dwellers suffer from health problems induced by pollutants. 
Nevertheless, we must distinguish two types of exposure: (1) the nonoccupational exposure 
which mainly affects pedestrians, cyclists, motorcyclists, car drivers, commuters, and street 
residents [1-9], and (2) the occupational exposure which concerns taxi, bus and truck drivers 
but also postmen or city sweepers [10-14]. Let's notice that these professional groups are 
especially exposed because they are affected by urban pollution in nonoccupational context, 
too. 
Amongst all pollutants, nitrogen dioxide is a major problem in urban areas. This 
primary pollutant is highly concentrated in downtown and contributes to the formation of 
another toxic gas: ozone. Moreover, this gaseous species has very harmful effects on human 
health. Indeed, as low as 15 ppb, nasal irritations, eyes irritations and cough are associated to 
NO2 exposure. For 30 ppb, hyperactivity of airway muscles appears. Above 80 ppb, some 
researches report an increased incidence of respiratory infections and sore throats [15]. The 
guidelines for nitrogen dioxide given by the World Health Organization (WHO) are 100 ppb 
for one hour and 75 ppb per day. In urban environment, these values can be greatly exceeded 
especially during unusual driving condition periods. So, for public protection, this gas needs 
to be continuously monitored. 
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 To inform people about the quality of the air they breathe and to protect them from 
pollution episodes, local networks of air quality control have been set up like the AtMO 
network, in France. Gaseous and particular pollutants are monitored continuously by 
commercial gas analyzers implemented in fixed and air-conditioned stations at rural and 
urban places. These stations not being located on the roads, the concentrations measured for 
primary pollutants such as NO2 are often lower than those really present in the traffic 
[1,5,6,10,12,13,16]. So, to avoid any underestimation of the real exposure of commuters or 
drivers, it is judicious and more efficient to realize in-vehicle measurements. 
 Most studies dedicated to the determination of occupational and nonoccupational 
exposures to traffic-related pollutants such as NOX, CO, VOCs or hydrocarbons have been 
realized by means of passive samplers [4,6,11,13] or commercial spectroscopic gas analyzers 
[8,10,12,]. Passive samplers evaluate gas concentrations for several hours or days of exposure 
and are not able to deliver real time results. So, they are not appropriated for permanent 
monitoring of pollutants. As for gas analyzers, their high dimensions, low mechanical 
vibration tolerance, high energy consumption and necessity to be maintained at well-
controlled temperature make them not suitable as on-board pollutant monitoring systems. 
Because of their low dimensions, low consumption powers, high level of mobility, electric 
output signal easily exploited by on-board electronic systems and ability to deliver real time 
response, gas microsensors are perfectly suitable for such an application. 
 This article deals with an on-board and self-contained gas sensor microsystem for the 
continuous and real time monitoring of NO2 concentration in passenger compartments. 
Results under controlled experimental conditions illustrate the performance of our prototype. 
Measurements in an urban bus under real driving conditions certify the possibility to use such 
a microsystem for this purpose. 
2. Experimental 
 
 2.1. Specific methodology of measurement 
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 The monitoring of oxidising gases in passenger compartments requires sensors with the 
best sensing performances, close to ideal ones, such as short response times, high resolution, 
low threshold, good reproducibility of results, and selectivity. To obtain such performances 
with phthalocyanine gas sensor devices, we have developed an original methodology of 
measurement.  This method allows us to improve the reproducibility of results obtained and to 
take no notice of the too long response time these sensors suffer. This methodology optimized 
for ozone monitoring is detailed in a previous paper [17]. To summarize, the principle of this 
methodology is based on the quantification of gas concentration by the kinetics of sensor 
response during short times of exposure, and on cyclic recalibration of sensor by a thermal 
cleaning process in purified air.  
 Figure 1 is a schematic representation of temperature, flow and conductivity evolutions 
during one cycle of our methodology. During the first step, the sensor is maintained at high 
temperature in clean air. The conductivity firstly increases due to the semiconductor effect 
and secondly decreases due to the thermal desorption of gaseous species already chemisorbed 
during the previous cycle. At the end of this step, the sensitive layer is "regenerated". During 
the second step, the sensor is still maintained in pure air but at lower working temperature. 
The conductivity decreases due to the annihilation of intrinsic charge carriers by the negative 
temperature gradient. At the end of this second stage, the initial conductivity σi is stabilized 
and measured. The third and last step corresponds to the exposure of the sensor to polluted air 
for a short time at low working temperature. Sensor conductivity slowly increases due to the 
creation of extrinsic charge carriers in the sensitive material by charge transfer between the 
oxidising chemisorbed gaseous molecules and the reduced phthalocyanine molecular units. 
Interaction mechanisms between gases and this molecular semiconductor will be explained 
later. At the end of the cycle, the final conductivity under gas σf is measured and a new cycle 
begins. The sensor response is thus defined as (σf − σi). Obviously, responses and even 
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performances are a function of delays and temperatures of each cycle. Optimization of all 
these working conditions will be discussed in the section 3.2.  
 2.2. Gas sensor microsystem 
 The complete microsystem constituted by the sensitive element, the fluid circuit and the 
electronic peripheral devices is represented by Fig. 2. The sensor is constituted by a thin film 
of copper phthalocyanine, this organic molecular semiconductor being judicious for this 
application because of its insensitivity to reducing gases which induces a partial selectivity to 
the structure. The layers are realized by thermal sublimation under secondary vacuum (P=10-6 
mbar) of copper phthalocyanine powder commercialized by Kodak. An automatic deposition 
control system (Model ADS-220 from Veeco) associated with a quartz oscillator regulates the 
deposition rate and controls the deposited thickness. This layer thickness is 300 nm and the 
deposition rate is maintained at 0.2 nm/s to achieve homogenous layers. During the process, 
the substrates are maintained at room temperature and no consecutive post-deposition thermal 
annealing is realized. Thus, the CuPc layers obtained are amorphous and exhibit better 
sensing characteristics than crystalline ones [18-21]. Sensitive thin layers are deposited onto 
interdigitated electrodes with accurate dimensions, screen-printed on the upper side of 
alumina substrates to determine their electronic conductivity. On the lower side, a screen-
printed platinum resistor, with a predefined thermal coefficient, is used to regulate the sensor 
temperature during experiments. The dimensions of the sensing element are 3 mm × 5 mm. 
 The sensor structure is polarized under 5 V d.c. and a data acquisition system (Model 2000 
or 2700, Keithley) records a voltage as a function of the electric current passing through the 
sensitive layer, image itself of copper phthalocyanine conductivity. The conversion of current 
into voltage is realized by means of an electronic converter with adjustable gain. The structure 
temperature is controlled by a temperature regulator which can commute between two values 
by an external control signal. 
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 To avoid gas adsorption on the inner walls, the measuring cell and the fluid circuit are 
realized in PTFE. Moreover, an exhaust pump sets the flow to 750 ml/min and is located 
downstream from the cell to avoid adding interfering species in the sensor environment. The 
commutation between polluted air and purified air is made by means of a PTFE solenoid 
valve, the purified air being obtained by an air flow through an active charcoal cartridge. At 
the sampling input, a dust filter can be added especially during experimental tests under real 
conditions. The solenoid valve, the temperature regulator and the data acquisition system are 
synchronously driven by a self-contained microcontroller unit developed at laboratory. 
Moreover, as microsystem performances are related to delays of each step and period, these 
parameters can be modified by experimenters in this unit. The best working conditions are 
argued in the following. 
2.3. Infrastructure for tests under real conditions 
 After calibration under artificially polluted atmosphere in laboratory, this microsystem has 
been put in a bus of the network of Clermont-Ferrand (France) to realize on-board 
measurements and thus to validate this prototype. The experimental vehicle was a Heuliez GX 
317 Compressed Natural Gas bus. The bus route is from the suburb of Clermont-Ferrand to 
the downtown, near the railway station district. The length of its route is approximately 7.6 
km and the common delay of the journey for normal traffic conditions is approximately 40 
min. The microsystem has been placed on the seat just behind the bus driver and the sampling 
input has been maintained at the respiratory level of passengers. During experiment, only the 
bus driver and four experimenters were present in the passenger compartment. To be in the 
same conditions as usual, the bus opens, waits for a few seconds and then closes its gates in 
the front of each bus stop. After each measurement, the global position of the bus is noted to 
correlate the concentration of pollutants deducted from microsystem response with traffic 
conditions and the nearest fixed station of air quality control. 
3. Results 
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3.1. Target gas and interfering species: preliminary study 
Nitrogen dioxide is a major pollutant of urban atmosphere but coexists with a few other 
gaseous species such as nitrogen monoxide, carbon monoxide, sulphur dioxide, ozone, 
volatile organic compounds (VOCs) and heavy metals. So, efficient NO2 monitoring requires 
drastically selective gas sensors. Copper phthalocyanine is a molecule well-known to be 
highly reactive with oxidising gases and insensitive to reducing ones. So, phthalocyanine thin 
film conductivity is not very modified by carbon monoxide (CO) and nitrogen monoxide 
(NO). With sulphur dioxide (SO2), none of previously published work has reported even a 
low reactivity with CuPc. Moreover, the development of electronuclear energy and the 
decrease in fuel sulphur rate have greatly contributed to the decrease in SO2 concentration in 
atmosphere since several years, levels becoming very low. Electronic charge transfer between 
phthalocyanine and heavy metals being impossible, no conductivity variation can be 
correlated with heavy metals concentration variations. For VOCs and hydrocarbons, no 
response correlated with these compounds has been observed during previous experiments 
realized on phthalocyanine gas sensors. So, in our experimental context, ozone can be 
considered as the main interfering gas. 
 Preliminary measurements have been made to compare NO2 and O3 rates in vehicles 
moving on urban streets. An experimental vehicle equipped with two commercial gas 
analyzers (ultraviolet photometric ozone analyzer, model 49i, Thermo Electron Corporation, 
and chemiluminescent nitrogen oxides analyzer, model 42i, Thermo Electron Corporation) 
parked in the downtown of Clermont-Ferrand (140000 inhabitants; population density: 3200 
inhab/km²) near a high density traffic road and  close to one monitoring station of the regional 
air quality control network is used to measure in-vehicle oxidising pollution as a function to 
ambient air pollution. NO2 and O3 concentrations are recorded every 5 min in vehicle and 
compared to the data of the fixed station delivered every 15 min. Moreover, to reproduce bus 
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working conditions, i.e. cyclic gate opening/closing sequence, outdoor atmospheric air is 
injected in vehicle each hour during 10 min by means of an electric fan.  
 Figures 3 and 4 represent respectively NO2 and O3 concentration variations during two 
days measured by commercial analyzers, in the vehicle (thin line) and simultaneously in 
ambient atmosphere by the nearest air quality control station (thick line). Although 
concentration variation magnitudes are in the same order for these two oxidising gases in 
outdoor atmosphere, in-vehicle concentration variations are strongly different. Figures show 
that the average concentration of NO2 remaining into the vehicle after 50 min of confinement 
is nine times higher than this relative to ozone. Ozone concentration remains very small (1 to 
2 ppb) whatever the outdoor level. At the same time, NO2 concentration depends from 
outdoor level. Moreover, for the same outdoor levels, the quantity of NO2 in vehicle during 
the 10 min of air admission is higher than for O3. Ozone is quickly and completely 
decomposed in passenger compartments whereas nitrogen dioxide remains the predominant 
oxidising gas. Such a phenomenon has been already quantified [5,10,15]. 
 If passenger compartments contribute to the dissociation of ozone, traffic density near the 
vehicle is another parameter leading to the same tendency. Indeed, in urban areas, a high 
proportion of nitrogen oxides are ejected by fuel engines as NO [22]. But, ozone reacts very 
easily with nitric oxide to produce nitrogen dioxide in accordance with the reaction: 
NO + O3   ?   NO2 + O2 (1) 
 So, in traffic, O3 is non-existent and NO2 is the only oxidising gas.  
 As mentioned above, phthalocyanine-based gas sensors exhibit a partial selectivity towards 
oxidising species. Moreover, under our experimental conditions, i.e. vehicles moving on 
urban streets, ozone is quickly decomposed into nitrogen dioxide by nitrogen monoxide. So, 
the response of our gas sensor microsystem will be only correlated with the variations of in-
vehicle nitrogen dioxide rate. 
3.2. Sensor response under NO2: optimization of working conditions 
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Interaction processes between oxidising gases and phthalocyanine molecular units have 
been identified and discussed in previous papers [23,24]. The first equilibrium involves 
physical sorption of oxidising molecules, competitive sorption with pre-adsorbed species and 
diffusion into the bulk of the layer. Consecutively, gaseous molecules can be chemisorbed to 
form negative ions and extrinsic charge carriers are created (holes) into the molecular 
semiconductor by charge transfer process. These charge carriers can be delocalized onto the 
other phthalocyanine molecular units of the layer leading to electronic conductivity by 
hopping process. Thus, interaction of oxidising molecules on phthalocyanine leads to the 
creation of holes at the surface and into the bulk, inducing the increase in thin layer electronic 
conductivity. Nevertheless, if interaction processes seem similar for ozone and nitrogen 
dioxide, sensor responses are different because of the lower stability of O3- anions as 
compared to NO2-. 
Consequently, if the working conditions have been optimized for the monitoring of O3 in 
atmosphere [24], some parameters must be improved for the efficient measurement of NO2. 
As mentioned above, nitrogen dioxide anions NO2- being more chemically stable than O3- 
species, desorption from the sensitive layer is more difficult and slower. So, to improve sensor 
cleaning just before pollutant exposure and to avoid the lack of reproducibility due to the 
irreversible part of chemisorbed species accumulation into the sensitive layer, the delay and 
the temperature of the thermal cleaning phase have been increased. However, for cleaning 
temperature above 180°C, we observe an irreversible decrease in microsystem sensor 
response even if NO2 concentration remains constant. This drift can be explained by an 
irreversible hot oxidation of phthalocyanine molecules by chemisorbed NO2 ones in material 
leading progressively to the deterioration of the sensitive thin layer. The time of the cycle is 
maintained to 15 min, this one corresponding to the period of measurement chosen by the 
national air quality control network. During this short delay, the evolution of pollutants is 
very slow and concentration variations remain very small. That justifies the detection of 
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nitrogen dioxide in real time by our microsystem. Moreover, phthalocyanine gas sensors 
exhibiting very high sensitivities to oxidising gases, conductivity variations for short times of 
exposure remain high. Thus, the optimized working conditions for NO2 are as follows: lower 
temperature (detection) = 80°C, higher temperature = 180°C, sensor regeneration time (t0) = 
12 min, sensor stabilization time (t1) = 1 min, sensor exposure time (t2) = 2 min, cycle period 
= 15 min. 
To illustrate gas sensor microsystem performances, Fig. 5 represents sensor microsystem 
response versus nitrogen dioxide concentration in the range 0-100 ppb, a common range of 
urban atmosphere. Experiment has been made for monotone increasing (?) and monotone 
decreasing (?) concentrations, with a concentration variation step equal to 10 ppb. Moreover, 
for each NO2 concentration, 4 consecutive measurements are realized. Results show that 
measurements are efficient and satisfying for all the concentrations of the range studied. The 
threshold of detection is very low and can be estimated to be a few ppb (approximately 2-3 
ppb). The sensitivity is also high. The ratio is exactly the same between sensor microsystem 
response in mV and gas concentration in ppb (response is multiplied by 2 when gas 
concentration is twice). Moreover, the coefficient of proportionality between microsystem 
response and NO2 concentration is 1 mV for 20 ppb with a signal/noise ratio very important. 
For a monotone gas concentration variation, the reproducibility is excellent as illustrated by 
the superimposition of experimental points. Nevertheless, when NO2 rate firstly increases and 
secondly decreases, a weak hysteresis phenomenon occurs: responses are higher for 
increasing concentrations than for decreasing ones. This induces particularly that the response 
to 60 ppb of NO2 in increasing concentration is the same as that response to 50 ppb in 
decreasing one. Consequently, the microsystem resolution is lower than 20 ppb but remains 
greater than 10 ppb. 
If the previous experiment is well adapted to quantify sensing characteristics, the fidelity of 
the microsystem for high concentration gradients cannot be determined. To estimate the 
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reproducibility even for fast and high concentration variations of NO2 (artificial pollution 
peaks), experiment has been realized with different concentration gradients. Figure 6 
represents the gas sensor microsystem response under optimized working conditions versus 
the time for various exposure sequences to NO2 in the range 0-100 ppb. Microsystem 
responses (?, scale on the left) are delivered every 15 min and compared to the NO2 
concentration (?, scale on the right) measured by a commercial gas analyzer. For each 
concentration, 6 points of measurements are recorded. These results strengthen the low 
threshold, high sensitivity, and good reproducibility of successive measurements already 
emphasized by previous figure. For NO2 concentrations between 0 and 80 ppb with a 20 ppb 
variation step, no common values are obtained for two different concentrations. The 
resolution is still < 20 ppb in this range. However, when the concentration quickly increases 
from 20 ppb to 100 ppb, we can observe a slow increase in sensor response, a few values 
being similar to ones relative to 80 ppb. The stabilization of response in this case is slow and 
the accuracy of measurement is altered. This effect is not noticeable for fast decreases. The 
gas sensor microsystem response can be influenced by previous exposures but so fast NO2 
level variations are not often observed in rural or urban atmosphere. Thus, as illustrated by 
results obtained at laboratory, the working conditions mentioned above are the best ones for 
NO2 monitoring in urban atmosphere. 
3.3. Microsystem response variation law versus gas concentration: calibration curve 
The main objective of this study being the continuous monitoring of NO2 in air and not 
only the detection of thresholds, it is necessary to determine the relation between the 
microsystem response and the corresponding nitrogen dioxide concentration to inform drivers 
and passengers about the quantities they breathe in. To establish this variation law, a 
calibration curve has been realized with a 10 ppb concentration step. Figure 7 represents the 
response to NO2 delivered by the gas sensor microsystem in the range 0-100 ppb. For each 
concentration 6 successive measurements have been made. The gain of the electronic current-
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voltage converter has been increased (multiplied by 200 as compared to Fig. 6) to obtain 
signal easily measurable by a simple voltmeter or available for signal treatment units, still 
with a high signal/noise ratio. In the first approximation, we could consider that the response 
is proportional to NO2 concentration with a coefficient of proportionality to 0.012 V per ppb. 
By applying a simple linear regression to the experimental points, the determination 
coefficient, also named regression coefficient, R² = 0.9931, R² being = 1 for a perfect 
correlation between a mathematical model and experimental points. Nevertheless, the best 
determination coefficient is obtained for a polynomial regression. Indeed, for Y = 3×10-5X² + 
0.0098X, the determination coefficient is R² = 0.9992. So, the variation laws are as follows: 
]b[NO]²a[NOresponse 22 +=  (2) 
or inversely: 
 2a / )4aresponse  b²  b (-   ][NO2 ++=  (3) 
 
with a = 3×10-5 ; b = 9.8×10-3 ; [NO2] in ppb and response in V. 
This last equation will be the mathematical relation giving the nitrogen dioxide 
concentration near the sensitive thin layer and the gas sensor microsystem response during 
experiments under real conditions. 
3.4. Results in urban context 
Results obtained at laboratory are confirmed under real using conditions by the 
implementation of this microsystem in a bus of the local bus network in Clermont-Ferrand, 
according to the conditions mentioned in section 2.3. 
The results are illustrated in Fig. 8 which represents the NO2 concentration variations in 
ppb deducted from the calibration curve of our microsystem versus the date and hour of the 
measurement. The variations are between 30 and 60 ppb, the middle of the gas concentration 
range studied. No specific trend is noticeable as a function of morning or afternoon. We can 
only observe that the higher concentrations appear at the beginning of afternoon. 
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The NO2 level in urban areas strongly depends on traffic density [1], the localization of 
vehicles in the city at the moment of measurement (downtown, suburb or industrial zone) [4] 
and driving conditions (flowing traffic, traffic jam, numerous traffic lights) [22]. These 
experimental details are essential for the best interpretation of results. Table 1 gives the local 
hour of measurement points, the nitrogen dioxide concentration deducted from the 
microsystem calibration curve, the localization of bus at the same time (road type) and the 
ambient NO2 concentration delivered by the nearest station of air quality control network by 
means of a commercial chemiluminescent analyzer. We can notice from the table data that the 
lowest NO2 concentrations have been recorded when the bus is parked on the campus where 
the traffic is lower. Nitrogen dioxide being essentially an automotive pollutant, its 
concentration is higher when the traffic is more important. Experimental results confirm this 
trend. Moreover, the higher concentrations are recorded in urban roads just after lunch. This 
increase could be explained by the rise in traffic due to the more important number of 
commuters driving from their houses or from restaurants to their work offices. 
By comparison between NO2 concentrations measured in passenger compartments and in 
ambient air by the nearest stations of pollutant monitoring, it is noticeable that all in-vehicle 
values are higher than those delivered by fixed stations. This seems to confirm that 
monitoring stations underestimate the real exposure of drivers and bus users to NO2 because 
of their distance from driving ways. 
To summarize, the satisfying results obtained under real conditions emphasize the strong 
correlation of urban NO2 with traffic density and seems to confirm that the real exposure of 
drivers and commuters must be efficiently evaluated by an-board gas sensor microsystem. 
3.5. Selectivity of gas sensor microsystem: discussion 
 As we have previously mentioned in this article, copper phthalocyanine thin layers exhibit 
a strong chemical reactivity with strong oxidising gases such as NO2 and O3, which confers a 
partial selectivity to gas sensors using this semiconductor as a sensitive material. Moreover, 
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under such real experimental conditions (in passenger compartments, on high traffic density, 
in urban areas), ozone levels are negligible and even zero as compared to NO2 concentration. 
So, under such working conditions, the gas sensor microsystem is drastically selective for 
nitrogen dioxide.  
 Nevertheless, we have demonstrated in previous works that for the same concentrations, 
the methodology of measurements provides higher sensor responses to O3 than NO2, and even 
makes the sensor selective for ozone [24]. Consequently, the gas sensor microsystem is 
selective for nitrogen dioxide only if ozone concentration remains equal to zero. The selective 
monitoring of NO2 is not achieved especially if a bus is driving in the suburbs or in rural areas 
where with fair climatic conditions, ozone rates are often more important. 
 To reach the drastic selectivity for nitrogen dioxide under all conditions, one solution 
consists in removing completely ozone in the sensor environment, whatever ambient 
concentration, without changing nitrogen dioxide concentration. This can be realized by 
means of a selective gas filter. Amongst all the material investigated we can mention 
manganese dioxide MnO2, active charcoal, fullerene C60, stainless steel cuttings and indigo. 
Only indigo can be considered as a real selective ozone filter. Experimental results on the 
filtering power of indigo powder towards NO2 and O3 are illustrated in Table 2. In the 
concentration ranges studied, O3 is entirely eliminated and NO2 preserved. Moreover, indigo 
powder being easily sublimed under vacuum to be deposited onto substrates and being 
insulating, this material is really suitable for the realization of an integrated selective ozone 
filter on semiconductor based sensors. Thus, the selectivity for NO2 will be obtained by the 
implementation of an indigo filter in our microsystem. Two solutions could be considered: 
either by inserting an indigo cartridge in the fluid circuit, in the parallel fluid line of this set 
with an active charcoal cartridge (in Fig. 1, purified air = air without any pollutant and 
polluted air = air without ozone), or by using a phthalocyanine gas sensor with an integrated 
indigo filtering layer. The first very promising results obtained with this kind of structure will 
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be the subject of a next paper. 
4. Conclusion 
 The implementation of an on-board gas sensor microsystem is essential to determine the 
real exposure of drivers and passengers to NO2 inside vehicles. After preliminary studies 
which establish that nitrogen dioxide is the only one oxidising species in vehicle passenger 
compartments, ozone being too unstable and quickly decomposed, we have optimized an 
original methodology to monitor NO2 in real time by means of phthalocyanine-based gas 
sensors. This methodology allows determining gas concentration from the kinetics of sensor 
response during a short time of exposure. Working conditions such as temperatures and 
delays used are optimized for NO2 as illustrated by experimental results. The high sensitivity, 
the high resolution (< 20 ppb), the low threshold (few ppb), the good reproducibility, and the 
real time detection obtained are in accordance with specifications relative to this application. 
 The variation law of microsystem response with NO2 concentration is determined with 
accuracy and the calibration curve established. Measurements under real conditions, i.e. in an 
urban bus passenger compartment with usual driving conditions (cyclic gate opening/closing 
sequence) exhibit the possibility and the reliability of NO2 monitoring by means of this 
microsystem, the results confirming the trends already reported. The results obtained clearly 
show the strong influence of traffic density on the sensor microsystem response. Moreover, 
the results highlight that the NO2 concentrations deduced from in-vehicle measurements are 
always higher than those determined by the nearest fixed monitoring station of the local air 
quality control network. Ozone can be considered as the main interfering gas for the 
monitoring of NO2 in urban atmosphere. This microsystem being sensitive to strong oxidising 
gases, the real selectivity for nitrogen dioxide will be achieved by removing ozone in the 
sensor environment. A way of improvement is finally proposed, especially using a real 
selective O3 chemical filter added in the fluid circuit or integrated on sensor sensitive layers. 
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Figure captions 
 
Fig. 1: Schematic representation of the methodology of measurement developed for 
phthalocyanine-based gas sensors. Upper part: chronograms relative to flow and temperature 
sequential changes; lower part: conductivity variations of a phthalocyanine thin layer during 
three steps and definition of gas sensor microsystem response. 
 
Fig. 2: Self-contained gas sensor microsystem for real time monitoring of oxidising gases in 
atmosphere. 
 
Fig. 3: Comparison between NO2 concentration variations in ppb measured by commercial 
chemiluminescent NOX analyzer in a car passenger compartment (—) to those recorded at the 
same time by an analyzer of the nearest station of air quality control network AtMO 
AUVERGNE (▬) during 2 days. To reproduce the gate opening/closing sequence of urban 
buses, outdoor atmosphere is injected by means of an electric fan during 10 min each hour. 
 
Fig. 4: Comparison between O3 concentration variations in ppb measured by commercial UV 
photometric O3 analyzer in a car passenger compartment (—) to those recorded at the same 
time by an analyzer of the nearest station of air quality control network AtMO AUVERGNE 
(▬) during 2 days. In vehicle, outdoor air is injected by means of an electric fan each hour 
during 10 min to reproduce the gate opening/closing sequence of urban buses. 
 
Fig. 5: Gas sensor microsystem response versus NO2 concentration in the range 0-100 ppb. 
Results have been obtained for monotone increasing (?) and decreasing (?) concentrations 
with 4 points of measurement for each concentration. 
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Fig. 6: Gas sensor microsystem response (?) for various NO2 concentrations monitored by a 
commercial NOX analyzer (?) in the range 0-100 ppb. For each concentration, 6 consecutive 
measurements are realized. 
 
Fig. 7: Calibration curve of the gas sensor microsystem under NO2 in the concentration range 
0-100 ppb. For each concentration, 6 consecutive measurements are realized. The variation 
law between microsystem response and gas concentration is established from these results. 
 
Fig. 8: NO2 concentration variations in a bus passenger compartment for common driving 
conditions measured by on-board microsystem and deducted from the calibration curve 
represented on figure 7. 
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Table captions 
 
Table1: Experimental conditions for measurements in a bus passenger compartment 
represented in Fig. 8. Simultaneously listed are the local hour of measurement recorded, the 
NO2 concentration extracted from microsystem response and calibration curve, road type and 
NO2 concentration of the nearest station of air quality control network, AtMO AUVERGNE. 
 
Table 2: Quantification of the filtering power of indigo towards ozone and nitrogen dioxide. 
Efficiency is defined as the percentage of O3 or NO2 removed by indigo powder in the 
concentration ranges of those measured in urban atmosphere. 
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